Local cerebral blood flow has been measured by quantitative autoradiography, employing ['4Cjiodoantipyrine as tracer, in rats killed half an hour after occlusion of the middle cerebral artery. The results were compared with pattern of local cerebral blood flow (CBF) in sham-operated rats and with neuropathological findings. In every animal there was a profound reduction (to 13% of control levels) in blood flow in the neocortex previously supplied by the occluded artery. The level of blood flow in the areas in which ischaemic brain damage occurred was 0.24 ±0.03 ml g min (mean ± SEM). This level of CBF is considerably greater than that reported following a similar surgical procedure in cats and primates. Moderate reductions in blood flow were also seen outside the territory of the occluded artery and in parts of the opposite hemisphere. Absolute increases in blood flow (hyperaemia) were seen only in the substantia nigra and globus pallidus ipsilateral to the occlusion. It is suggested that this finding and the reductions in blood flow outside the territory of the middle cerebral artery are reflections of alterations in neuronal function and metabolic activity secondary to the ischaemic lesion.
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In the past five years a range of reliable quantitative techniques have become available which permit accurate assessment of various neurochemical and cerebral circulatory parameters in discrete anatomical regions within the central nervous system. Using a suitable radioisotopic tracer and the employment of an appropriate mathematical model, measurements may be made in vivo of the delivery of substrates to the brain, i.e., cerebral blood flow , the movement of various materials into the CNS, i.e., blood-brain barrier permeability (Ohno et al., 1978; Blasberg et al., 1978) , and the rates at which various substrates are utilised by the cerebral tissue (glucose phosphorylation, protein synthesis, etc.) (Sokoloffet al., 1977; Smith et al., 1980) . Moreover, if autoradiographic techniques are employed to localise the various radiolsotopic tracers, dynamic neurochemical and microcirculatory events can be investigated with a hitherto impossible degree of anatomical precision.
These techniques are providing an abundance of information about the working and homeostasis of the brain in normal conditions; it is important that they are also used to clarify how these are disturbed in various diseases. This requires that the techniques are applied to suitable models, which should preferably utilise small laboratory animals such as rodents. Moreover, because each experiment yields data about one point in time, the model should produce consistent effects.
Focal cerebral ischaemia is common in human pathology, and many profitable experimental studies have been carried out of the effects of occlusion of a major intracranial vessel, usually the middle cerebral artery, on the blood flow of the brains of larger animals such as cat, dog, and primate. We have described how this vessel may be occluded in the rat . In the present study we have used quantitative autoradiography to investigate the alterations in local CBF that occur in the rat as a consequence of occlusion of the stem of the middle cerebral artery.
MATERIALS AND METHODS

Surgical Preparation of Animals
The experiments were performed on 11 male Sprague-Dawley rats (each weighing approximately 360 g) that were permitted free access to food and water until the day of the experiment. A detailed description of the anaesthesia and surgical preparation has been reported previously . Briefly, the animals were anaesthetised initially with 2% halothane and a small polyethylene tube inserted into the trachea. The tracheal tube was connected to a small-animal respirator delivering a nitrous oxide/oxygen mixture (70%:30%) together with halothane (0.5%). Gallamine triethiodide (20 mg/kg, i.p.) was administered to facilitate the control of respiration. Polyethylene catheters (15 cm long) were introduced into both femoral arteries and one femoral vein to permit the continuous monitoring of mean arterial pressure, the repeated sampling of arterial blood, and the administration of ['4C]iodoantipyrine, respectively.
The middle cerebral artery was occluded with a small Scoville Lewis clip 30 mm prior to the measurement of CBF. Shamoperated control animals were prepared in a similar manner, except that the exposed middle cerebral artery was not occluded. Samples of arterial blood were taken immediately prior to occlusion of the artery and immediately prior to the measurement of CBF for determination of Pa02, PaCO2, pH, and haematocrit. Cerebral blood flow measurements were carried out only on animals that remained normocapnic (PaCO2 between 34 and 41 mm Hg) and adequately oxygenated (Pa02> 100 mm Hg). described by Sakurada et al. (1978) . Briefly, 50 1Ci (1.2 ml) of 4-iodo-N-methyl-[i 4C]iodoantipyrine was infused intravenously over 30 s, during which timed samples (a total of 15-18) of arterial blood were collected on preweighed filter paper as drops flowing freely from the femoral arterial catheter. The rat was killed by decapitation approximately 30 s after the start of the isotope infusion, and the drop rate from the catheter and precise time of decapitation were noted. The brain was quickly removed and frozen in 2-methylbutate (-45°C). The brain was sectioned (20 m) in a cryostat (-22°C). Autoradiograms were prepared from these sections by exposing them to X-ray film (Kodak SB-5) in X-ray cassettes for 1 week. Autoradiograms from 200 sections were prepared routinely for each animal. The cerebral '4C tissue concentrations were determined utilising a computer-based microdensitometer system (Quantimet, Cambridge Instruments) and by reference to 10 precalibrated methacrylic standards (range, 44 1475 nCi/g) which were processed with each X-ray film. For each structure examined, a minimum of six optical density measurements were made, each on different sections. Areas of the brain were identified by reference to the atlases of Konig and Klippel (1963) and of Zeman and Innes (1963) .
Measurement of Local
The filter papers containing the arterial blood samples were reweighed and the volume of blood in each calculated from an assumed specific gravity of 1.05 g!ml. The {'4C]iodoantipyrine concentration in the blood samples was determined by liquid scintillation counting after allowing 24 h in the counting media for complete elution of the isotope from the filter paper.
Local CBF was calculated using the equation derived originally by Kety (1951) from the concentration of [14Cjiodoantipyrine in discrete regions of the CNS, from the blood-brain partition coefficient for the tracer (0.8), and from the history of the tracer in arterial blood during the experimental period .
RESULTS
General
The cardiovascular and respiratory status of sham-operated rats and animals with occlusion of a middle cerebral artery is shown in Table 1 . There were no significant differences in any parameter between the two groups. 
Cerebral Blood Flow
Sham-Operated Animals
The levels of CBF in 28 anatomically discrete regions ipsilateral and contralateral to the craniectomy are shown in Table 2 . CBF was generally symmetrical, although minor asymmetries in the levels of cerebral tissue perfusion (10% or less) were observed in the thalamus, hypothalamus, and hippocampus ( Table 2 ). In addition, in all shamoperated animals, a region of relative hypoperfusion (compared to contralateral hemisphere) was present 
Animals with Middle Cerebral Artery Occlusion
The levels of CBF in 28 anatomically discrete regions ipsilateral and contralateral to occluded middle cerebral artery are shown in Table 3 and illustrated in Figs. 1-6.
Marked reductions in CBF were observed throughout the neocortex and the lateral portion of the neostriatum-to such an extent that in these regions, the level of blood flow was 15-20% of that in the same regions of the control animals. Significant reductions were also observed in the ipsilateral cmgulate cortex, more marked rostrally than caudally, and in occipital cortex (Table 3) . Modest reductions (by 20-40% from control levels) were observed in the ipsilateral nucleus accumbens, thalamus (ventral and medial), and medial portion of the neostriatum. The levels of blood flow in the hypothalamus and hippocampus in animals subjected to middle cerebral artery occlusion were similar Two regions of the CNS ipsilateral to the occluded vessels displayed increased blood flow.
These were the ipsilateral substantia nigra (increased by 42%) and globus pallidus (increased by 50%). This could be clearly seen on the autoradiograms ( Figs. 2 and 4) . In the remainder of basal forebrain and in the brain stem, CBF levels were symmetrical and the values comparable to those of sham-operated control animals. Some regions in the hemisphere contralateral to the occluded vessel showed moderate reductions of CBF (20-40% of values in the sham-operated controls). These regions included areas of the cortex, the thalamus, and the caudate nucleus that corresponded to the distribution of greatest reductions in blood flow ipsilateral to the occluded vessel. However, the differences between the sham-operated and occluded animals for blood flow in the hemisphere contralateral to the surgical procedure were significant only in anterior cingulate cortex. The level of CBF in the pons and cerebellum was similar in the two experimental groups (Tables 2   and 3 ).
DISCUSSION
Our results demonstrate that quantitative autoradiographic methods can be used to map with extreme anatomical precision the circulatory consequences of middle cerebral artery occlusion. The pattern of changes was striking and demonstrated new aspects of alterations in local blood flow in focal ischaemia. We shall consider the magnitude and distribution of changes in blood flow, both within the territory supplied by the middle cerebral artery and in the rest of the brain, and shall also correlate the results of the present study with the neuropathological findings in this model reported in the previous paper .
Hypoperfusion
The most obvious feature was the area of markedly reduced blood flow in the hemisphere ipsilateral to the occlusion. In the cortex there was an extensive zone in which blood flow was reduced to between 18 and 30% of values in sham-operated rats. This affected frontal, motor, sensory, auditory, and occipital areas. The first four of these areas are unquestionably within the territory of the middle cerebral artery (Yamori et al., 1976) , but the profound involvement of the occipital cortex was surprising because this is partly supplied by the posterior cerebral artery; however, this is a large area in the rat, and at least some of the region is supplied by the middle cerebral artery.
The most profound reductions within the hemisphere were seen in the lateral part of the caudateputarnen complex, where blood flow was reduced to 14% of that in sham-operated animals. Indeed, in some animals, perfusion in the caudate nucleus approached negligible levels. This extreme impairment may have been because the lateral striate arteries that supply this region are effectively end arteries (Yamori et al., 1976) . Alternatively, the origin of these arteries may have been included in the clip; this would prevent collateral flow reaching them via the distal anastomoses of the branches of the middle cerebral arteries.
The measurements of blood flow in the present study were made 30 mm after occlusion, whereas J Cereb Blood Flow Metabol, Vol. 1, No. 1, 1981 neuropathological data are available only for animals killed 2 h after occlusion . Despite this discrepancy, it is still feasible to compare the results of the two studies, because serial measurements of blood flow have shown that after occlusion of the middle cerebral artery, the level of blood flow remains stable for at least the next 1-2 h provided that systemic conditions do not fluctuate (Symon et al. 1974; Tamura et al., 1980) . Such variations were excluded by the careful physiological control of the animals in our studies. Even though it is necessary to show caution in quantitating measurements of blood flow in areas of brain damage, it is unlikely that there would be major changes in the partition coefficient for the tracer at this early stage after ischaemia. Moreover, at extremely low levels of blood flow, alterations in the partition coefficient make relatively minor differences to the calculated level of blood flow (Eklof et al., 1974) .
The severity of reductions in blood flow in the cerebral cortex appears to be generally similar in the rat to those observed in cats with middle cerebral artery occlusion (Ginsberg et al., 1976) but may be proportionally more extensive than observed in primates (Blair and Waltz, 1970; Symon et al., 1974) . In each of these other species, the levels of blood flow during middle cerebral artery occlusion have been correlated with subsequent neuropathological findings. The results have suggested that the development of ischaemic brain damage depends on a reduction of blood flow to below a certain critical level. The level of blood flow, as measured by hydrogen clearance, that was associated with consistent histological changes was between 10 and 15 ml 100 g' min (Symon et al., 1975; Morawetz et al., 1978; Tamura et al., 1980) . By contrast, in the present study, the average value for blood flow in areas of the rat brain that showed consistent evidence of ischaemic damage was 24 ± 3 ml/lOO g!min. The difference between this and the former values may, in part, reflect the differences in the methods used to measure blood flow. On the other hand, it is also likely to be a consequence of differences in the level of metabolic activity in the brains of the different species used.
Small animals such as the rat have a higher metabolic activity per unit weight of brain, presumably because of the greater cellular packing density in the rat brain, compared with cat or primate (Siesjö, 1978) . Under normal circumstances this denser packing and higher glucose consumption is associated with a higher blood flow to the brain. The rat may therefore require a higher level of blood flow in order to maintain nerve cell function and viability. The possibility that the development of ischaemic damage is likely to vary according to metabolic circumstances was mentioned by Astrup et al. (1977) . The level of blood flow at which brain damage occurs is likely to vary among different animals, among different strains of the same animal, and even within the one brain at different sites or under different conditions. Moderate reductions in blood flow (30-44%) were observed in the dorso-medial cortex in areas that were clearly outside the territory of the middle cerebral artery and also outside the area shown in the previous study to be affected by ischaemic damage. Similar but less extensive reductions in blood flow in the cortical territory of the anterior cerebral artery were observed in cats by Ginsberg et al. (1976;  65-68% compared with the contralateral hemisphere) and in baboons (Symon et al., 1974; 84% of pre-occluded CBF) . In the present study, reductions in blood flow by 20-40% of values in sham-operated animals were also seen in the parts of the opposite hemisphere, but these were statistically significant only in the anterior cingulate cortex. Yamaguchi et al. (1971) , on the other hand, did not find a reduction in CBF in the opposite hemisphere in the first few hours after occlusion of the middle cerebral artery in either cats or squirrel monkeys.
Among the mechanisms that have been proposed to explain hypoperfusion distant from the focus of ischaemia, the most favoured is the phenomenon of 'diaschisis." This term was originally used by Von Monakow (1914) to describe a reduction in neural activity due to an interruption of the afferents to the neurone. Diaschisis was invoked by Ginsberg et al. (1977) to explain the mild reduction in cerebral glucose utilisation that they observed throughout the hemisphere contralateral to a recently occluded middle cerebral artery in the cat. Reduction in blood flow or metabolism in the hemisphere contralateral to an ischaemic lesion has also been observed in humans (Hoedt-Rasmussen and Skinhoj, 1969; Meyer et al., 1970) . On the other hand, Slater et al. (1977) reported that the reductions in blood flow became progressively more profound after the insult, and as this occurred in the absence of deterioration in neural function, they concluded that the MCA OCCLUSION AND CBF 67 remote reductions in blood flow might not simply be in response to reduced metabolic demand in these areas. Among the mechanisms proposed to explain reductions in blood flow in the region distant from the territory of the occluded artery was the release of vasoactive agents from the ischaemic cerebral tissue (Slater et al., 1977) .
The occurrence of vasoconstriction in the pial circulation in response to ischaemia was described by Waltz and Sundt (1967) ; and later, Blair and Waltz (1970) showed that the intensity of changes in the pial circulation correlated with the level of blood flow in the underlying cortex. We have recently confirmed the occurrence of an active pial vasoconstriction in focal cerebral ischaemia but found that it occurred only within the cortex supplied by the occluded artery. It is therefore unlikely that reductions in blood flow in either the territory of the anterior cerebral artery or in the hemisphere opposite to the occluded middle cerebral artery are primarily due to vasoconstriction induced by vasoactive substances.
Hyperperfusion
A novel observation in this study was the increases in blood flow that were identified in a precise, anatomically organised pattern within the hemisphere. The structures involved were the globus pallidus and substantia nigra ipsilateral to the occlusion. It is interesting that when Blair and Waltz (1970) originally reported hyperaemia in association with focal cerebral ischaemia, they described it as occurring only within the hemisphere immediately adjacent to the ischaemic zone. They did not specify the exact structures involved, but it is possible that the region was, in fact, the globus pallidus.
We believe the increases that we observed in the substantia nigra and globus pallidus are best explained by an alteration in function in these structures. We have recently demonstrated, by the use of specific neurotoxins, that the caudate/putamen complex exerts an inhibitory influence on metabolism in the globus pallidus (Kelly, Graham, and McCulloch, unpublished observations) . The principal efferents of the globus pallidus are to the substantia nigra. Increased flow in both these regions can therefore be explained as reflecting increased local metabolism because of diminished inhibitory output from the ischaemic caudate nucleus. It may be speculated that if increased local blood flow reflects increased metabolic demands in the globus pallidus, this area may be rendered more vulnerable should the area of the ischaemia increase marginally.
Several clinical studies have suggested that, around an area of ischaemia, there is a zone where CBF is high (Hoedt-Rasmussen et al., 1967) . The two main mechanisms that have been proposed to explain the hyperaemia are "luxury perfusion" and reactive hyperaemia.
In the luxury perfusion syndrome, blood flow is maintained at levels higher than appropriate to metabolism, by reason of a local tissue acidosis (Hoedt-Rasmussen et al., 1967) . Reactive hyperaemia, on the other hand, results when the circulation is returned (e.g., by removing an occlusion) to an area damaged by ischaemia. In the present study there was no sign of a zone of relatively or absolutely increased blood flow in the cerebral cortex around the central ischaemic area. Indeed, although Ginsberg et al. (1977) showed that a zone of enhanced glycolysis does surround the area of ischaemia produced by occlusion of the middle cerebral artery, there is little experimental evidence that a marginal zone of hyperaemia develops, provided that conditions remain stable (Symon et al., 1974) . Waltz (1968) believed that the reddening of venous blood that they observed in the pial circulation in focal ischaemia could be attributed in part to luxury perfusion, but they found this difficult to reconcile with their observation that the phenomenon was only rarely associated with an absolute increase in local blood flow. When they used autoradiographic measurements to identify areas of increased flow and then studied the same region histologically (Yamaguchi et al., 1971) , they found that in hyperaemic sites there was usually evidence of established ischaemic brain damage. This suggests that they were mainly seeing a reactive phenomenon, rather than a luxury perfusion of undamaged tissue adjacent to the ischaemic lesion.
Other workers have recently used autoradiographic techniques to study the functional consequences of a variety of models of diffuse cerebral ischaemia, hypoxia, hypoglycaemia, and, cerebral embolisation (Ginsberg et al., 1977; Levy and Duffy, 1977; Blasberg et al., 1978; Fieschi et al., 1978; Pulsinelli and Duffy, 1979; Abdul-Rahman et al., 1980; Diemer and Siemkowicz, 1980; Dienel et al., 1980) . While these studies provided spectacular demonstrations of disordered patterns of metabolism, circulation, or blood-brain barrier function, J Cereb Blood Flow Metabol, Vol. 1, No. I, 1981 interanimal variability has been marked and has hindered the interpretation. Even though the wealth of detail provided by the autoradiographic studies is great, data are obtained at only one point in time, so that to draw reliable statistical conclusions it is essential that the model produce consistent effects. This study shows that under stable conditions, the pattern of circulatory responses to middle cerebral artery occlusion is highly reproducible. A generalised depression of blood flow results, most severe within the area supplied by the occluded artery but also involving surrounding brain and parts of the opposite hemisphere. The pattern is consistent with the effect of middle cerebral artery occlusion in larger animals but a novel observation was the presence of discrete, functionally organised patterns of hyperperfusion.
Occlusion of the middle cerebral artery in the rat appears to provide a simple model for further autoradiographic studies that might correlate more closely changes in blood flow and other functional disorders with neuropathological and biochemical data. The anaesthesia and stable physiological conditions employed in the present series may have contributed to the consistency of the lesion. Hence, future studies should explore variations in experimental conditions and the effect of therapeutic intervention.
